In the course of studies on the mode of action of various antibiotics, it was observed (Cavallito and Bailey, 1944; ) that a variety of antibacterial substances could be inactivated by various thiol compounds, particularly cysteine. Antibacterial agents may be classified, on the basis of their behavior with thiols, into several groups: some react rapidly with a large variety of -SH compounds, others react rapidly only with cysteine or related j-aminoalkane thiols, and others display reactions intermediate between these two extremes (Cavallito, 1946;  Bailey and Cavallito, 1946) . This pattern of behavior of certain antibiotic agents toward thiol compounds prompted a study of the development of resistance of Staphylococcus aureus to several of the antibiotics to determine whether a correlation existed between development of resistance and reactivity with thiol compounds.
METHODS
Staphylococcus aureus 209P (ATCC 6538P) was used throughout these studies. The antibacterial agents studied were penicillin, streptomycin, pyocyanin, gliotoxin, aspergillic acid, mercuric chloride, and the active principles of Allium sativum, Asarum canadense, and Arctium minus. The medium employed was a beef extract broth at pH 7.0. The susceptibility of S. aureus to the various antibiotics was determined by growing the organism in a series of broth cultures containing increasing quantities of the antibiotic under test. The total volume of fluid in each tube of the series was 5 ml; the inoculum consisted of 1 ml of a 1:1,000 dilution of an 18-hour culture in similar medium. Stock solutions of the antibiotics were prepared in phosphate buffer pH 7.0 with the exceptions of streptomycin, of which aqueous solutions were used, and aspergillic acid, for which bicarbonate buffer was found to be the most satisfactory solvent. All working dilutions were prepared in beef extract broth pH 7.0.
EVALUATION OF RESISTANCE
The index of resistance was the lowest concentration of the antibiotic under test that produced complete inhibition of growth after 18 hours of incubation at 37 C. Resistance of the organism to the antibiotic under study was induced by inoculation of the culture, from the tube that contained the maximum amount of antibiotic that had permitted growth, to a fresh series of tubes containing appropriate concentrations of antibiotic. In this manner the culture growing in the largest quantity of antibiotic was transferred serially from day to day. Dilu 64 transfers, the organism grew well in a concentration of 1 mg per ml of penicillin, an increase in resistance of 20,000 times that of the sensitive parent organism. This increase in resistance fluctuated with each serial transfer and illustrates the necessity of using series of dilutions rather than a single concentration at the level at which the resistant culture was expected to grow. The pattern of development of resistance is in keeping with the previously reported observations of Todd, Turner, and Drew (1945) . ml of culture medium-an increase of resistance 80,000 times that of the parent organism. Less fluctuation was noted at resistance levels of 1,000 to 4,000 micrograms. It is also significant that at these high levels of resistance the size of inoculum was of little importance. We have found that below 1 mg per ml, resistance could be increased more readily, and with less fluctuation in the pattern, by the use of heavy inocula. No attempt was made to increase the resistance of this organism beyond 4 mg per ml.
With the increase in resistance of S. aureus to penicillin a gradual decrease was observed in all of the fermentative properties characteristic of the parent strain; at 1 mg per ml level all of the fermentation reactions were almost completely suppressed. Pigmentation was first reduced and then was completely lost; hemolysis was retarded and the coagulase reaction was negative in the single test conducted.
Microscopic examination of the resistant cultures was made at intervals, and the enlargement of the cocci, reported by Gardner (1940) and others, was observed up to approximately 1 mg levels. At this level a complete morphologic and tinctorial change was observed. The culture became highly pleomorphic, showing elements varying from cocci to coccobacilli and occasional diphtheroid forms. All of these elements stained gram-negative. In view of this radical change in the microscopic picture from that usually observed, a subculture was transferred to penicillin-free broth for study (this strain will be discussed below under "Reversal of Resistance"). Another subculture was continued as before in penicillin-containing medium. The stabilization of this strain by repeated culturing in a medium containing 4 mg of penicillin per ml of medium resulted in what appeared to be a fixed type of morphology.
The resistance of S. aureus to streptomycin was found to develop at a rapid rate. During the course of 7 daily subculturings in broth containing this antibiotic, the resistance of the culture increased from 0.5 micrograms to 1 mg per ml; after 12 transfers the organism grew well in a broth containing 4 mg per ml of streptomycin. No attempt was made to increase the resistance of the culture beyond this point.
In contrast to the situation with penicillin, no significant morphologic changes were observed in the culture during the course of these experiments with streptomycin. As with penicillin, a retarding effect of streptomycin on the characteristic fermentation reactions of S. aureus was observed.
The active principle "A" of Asarum canadense showed approximately the same pattern with respect to the development of resistance by S. aureus as did penicillin. The degree to which resistances could be built up was limited by the low aqueous solubility of the active principle.
Staphylococcus aureus developed only slight resistance to allyl-2-propene-1-thiolsulfinate (Cavallito, Buck, and Suter, 1944) or to the active principle of Arctium minus (Cavallito, Bailey, and Kirchner, 1945; Cavallito and Kirchner, 1947 Cultures of S. aureus exposed to the action of aspergillic acid showed considerable fluctuation in the development of resistance. After 32 serial transfers in a medium containing varying quantities of the antibiotic, no significant degree of resistance was developed.
REVERSAL OF RESISTANCE
When the culture had developed resistance to 1 mg of penicillin per ml, a subculture was made in broth containing no penicillin. It will be recalled that this strain had altered biochemical properties, showed marked changes in morphology, and was gram-negative. Subculturing in penicillin-free broth brought about a gradual return to normal in biochemical reactions, morphology, and staining reaction. After the sixth subculture in penicillin-free broth very few coccobacilli or diphtheroid forms could be found. After 10 such subcultures only typical morphology was observed. During the first 10 transfers, the period when the morphology and biochemical reactions were returning to normal, a rapid loss in resistance was observed. Thereafter a more gradual loss in resistance was noted; after 63 transfers this strain was susceptible to 0.1 microgram per ml, a value only twice that of the parent culture.
With the strain of S. aureus that was resistant to 4 mg of penicillin per ml and stabilized at that level, a different situation was found; this strain remained resistant during 40 transfers into penicillin-free extract broth. Other methods brought about a return to typical morphology and biochemical reactions as well as a reduced resistance (Bellamy and Klimek, 1948) .
With the streptomycin-resistant strain of S. aureus, reversal was quite uncertain in nature. End points varied with successive subcultures with no certainty that the same, higher, or lower end points might be attained. Indications were, however, that only a moderate reversal occurred.
Allyl-2-propene-1-thiolsulfinate-resistant and pyocyanin-resistant strains retained their resistance for 48 and 22 subcultures, respectively, whereas gliotoxin behaved in a manner similar to penicillin. No attempt was made to reverse the resistance obtained to the active principles ofAretium minus orAsarum canadense.
CROSS RESISTANCE WITH PENICILLIN AND STREPTOMYCIN
No cross resistance with streptomycin could be demonstrated with the penicillin-resistant strain at susceptibility levels below 1 mg per ml. When this strain, however, had developed a resistance to more than 1 mg per ml of penicillin, it was resistant to 15 to 20 micrograms of streptomycin. This organism had a normal susceptibility to streptomycin of 0.5 micrograms per ml. Similarly, the streptomycin-resistant strain was not inhibited by 1 microgram per ml of penicillin, an increase of 20 times the resistance of the parent strain.
DISCUSSION
From the data presented, it appears that there are two extremes in types of antibiotics relative tothe abilityof bacteria to develop resistance to them. At the one end is the group that is characterized by rapid development of resistance, with streptomycin, penicillin, and the active principle of Asarum serving as examples, and at the other extreme is allyl-2-propene-1-thiolsulfinate and the active principle of Aretium minus. Pyocyanin and gliotoxin are intermediate with respect to the development of resistance, indicating that a gradation may exist between the two extremes.
It is interesting to observe that this group of antibacterial agents shows a correlation between the ability to develop resistance and the specificity of reactivity with sulfhydryl groups. Those antibiotics that are more selective as to the type of -SH with which they can react are also more likely to be capable of inducing marked bacterial resistance to their action. The data given by Cavallito (1946) , which showed the specificity of reactivity with thiols, may be used for estimating the capacity for the development of resistance.
Aspergillic acid appears to lack the power to stimulate development of resistance by S. aureus. This antibiotic failed to react with any of the thiol compounds tested.
It is of further interest to note that nonreversible bacteriostatic systems are formed by those antibiotics that show marked ability to induce resistance and that also react selectively with thiol compounds S. aureus has been rendered resistant to a concentration of penicillin of 4 mg per ml. At a concentration of 1 mg perml the characteristic biochemical reactions of S. aureus were lost, and the organism became markedly pleomorphic and gramnegative. The resistance of the strain was apparently stabilized by repeated transfers in broth containing 4 mg per ml of penicillin.
The biochemical, tinctorial, and morphological characteristics of the parent culture were regained when the strain that was resistant to 1 mg per ml of penicillin was cultured in penicillin-free medium.
During 12 transfers in increasing concentrations of streptomycin, S. aureus developed a resistance to 4 mg per ml of that antibiotic.
